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that energy losses of the absorbing system due to luminescence and non-radiative heat production be m;'nimized. In homogeneous solutions, intermolecular electron transfer usually proceeds from the excited triplet state rather than the excited singlet state of a molecule because the lifetime of the latter is short compared with encounter times. Formation of the triplet state, however, entails the loss of the singlet-triplet splitting energy which may be as much as several tens of kcal/mo1e. l In turn, the decrease in excitation energy is associated with a diminution in the oxidizing and reducing power of the state. 2 The time between excitation and encounter can be an important factor in determining the nature and course of a reaction.
By decreasing the distance between donor and acceptor molecules the efficiency of reaction may be markedly affected. In photosynthesis, for example, it is presumed that the proximity of the chlorophyll molecule to the primary ~ acceptor permits the excited singlet state rather than the triplet state of chlorophyll to drive .the redox reaction despite the short lifetime of the. former state. 3 Electron 2 ,4 and energy5 transfer efficiencies in micellar systems can be greatly enhanced relative to ordinary solution reactions. However, micellar assemblies are in constant dynamic equilibrium which is one of the problems in using them. We are thus trying a more stable system consisting of a cross-linked copolymer of styrene-butadiene acrylic acid. Ce11arius and Mauzeral1 6 in modeling the photosynthetic unit observed photosensitized dye reduction via pheophytin a adsorbed on neutral polystyrene colloids.
Our current interest in visible light-induced electron-transfer processes has prompted us to examine some rhodamine compounds. The rhodamine dyes 6 have been extensively studied in relation to their lasing properties and the effect of molecular structure and environment have beeo discussed. 7 3 The redox behavior of the triplet state of several rhodamines has been ex~ amined by flash photolysis 8 The first excited singlet state of rhodamine 101 is 2.1 eV above the ground , state in methanol as the onset of the first singlet-singlet absorption band is ca 593 nm (Figure 1 ). In the more polar water, the main absorption band is about 8 nm red shifted and the singlet excitation energy is reduced to 2.06 eV. Rhodamine 101 has a large extinction coefficient (Figure 1 ) in the visible region which is consistent with a strongly allowed ~TI* state transition. As with most of the rhodamines,7 the fluorescence spectrum of the dye bears a mirror-image relation to the long wavelength absorption band.
The rate constants of rhodamine 101 for intersystem crossing kISC and internal conversion k IC are much lower tha~ that for radia~ive decay kF as the fluorescence quantum yield ¢F is 0.99 in methanol and 0.71 in water.
The former value is in agreement with reports in the literature,7,15 while the latter has not been measured previously. 6 Fluorescence Quenching in Methanol. Rhodamine 101 was excited with 550 nm light and the intensity of its fluorescence was monitored at 587 nm for methanolic solution containing various aromatic and aliphatic amines. At the concentration of dye «1O-5 M ) employed, rhodamine is mainly unprotonated as can be seen in Table 1 by comparing the position of its absorption maximum in acidic and basic methanol with that in which no acid or base was added.
At the excitation wavelength only the rhodamine absorbs.
The Stern-Volmer constant (TkQ) was calculated using = (2) where The fluorescence quenching rate constants kQ range from 10 8 to 10 10 M-ls-l (Table 2) ; the quenching constants of the arylamines are diffusion controlled. Since the energy of the excited singlet state of rhodamine is 2.1 eV above the ground state whereas the excitation energy of the amines are larger than 3.5 eV, the quenching of the dye fluorescence -is not due to dipole-dipole energy transfer.
.ri
On the basis of arguments given below we propose that the quenching mechanism involves a sequence of steps resulting in the electron transfer from the quencher amine (Q) to rhodamine 101 (R) according to the scheme:
Encounter k32 Solvated Complex ion pair
The encounter complex formation between the rhodamine excited singlet state and the quencher is followed by the actual charge transfer, producing an ion pair in the solvent cage which either separates into free ions or gives More recently, the mechanism has been applied successfully to several organic 19 dye, triplet systems.
A kinetic ana1ysis 13 of the reaction scheme has shown that the rate constant .of the excited singlet state quenching kQ is correlated with the free energy change 6G 23 of the electron transfer according to k = Q 13 It was shown that k12/k30 ~0. 25 and that the diffusion-controlled rate 10 -1-1 constant k12 = 2.0 x 10 Ms. The charge transfer is assumed to occur by an outer-sphere mechanism and requires that the activation free energy ~G~3 is a monotonic function of 6G 23 (4) 
where G~3 (0) is the activation free energy at ~G23 = O. When ~G~3 (0) is 2.4 kca1/mole, Eq (7) is found to agree closely with the experimental rate constants. 12, 13, In terms of the electron-transfer theory of Marcus, 19 ; .
however, ~G23 is a quadratic function of ~G23. Except for large negative values of ~G23 ( >-16 kcal/mole) both relations yield similar resu1ts. 13
As close agreement between the experimental and calculated rate constants has been used as evidence for electron transfer, we intend to use Equations 4 and 5 to assess our results.
The free energy change f£23' involved in the actual charge-transfer process can be determined using 13 (6) where the first two terms are redox potentials and the third is the Coulomb energy released in bringing the ions to within the encounter distance, a.
The reduction potential of the excited singlet state of rhodamine 101,
* -.
E( 'R /R ) may be estimated from the redox potential of the ground state of the'dye and its singlet excitation energy (Es = 2.09 eV)
To a good approximation, the reduction potential of rhodamine 101 should be the same as that of rhodamine B which has been reported 21 to be -0.75 V (vs NHE) in alkaline aqueous solution. Thus, E( 'R*/R-) is 1.34 V.
This calculation assumes that the excited singlet and ground states have about the same entropy and geometrical configurations 14 The redox potentials
of the amines E(Q /Q) are half-wave potentials measured polarographically and these are listed in Table 2 .
I
The Coulomb term e 2 /£.a is calculated with knowledge of the dielectric constant .of the solvent (methanol: £. ~ 32.6) and the encoun-ter distance o 13 a = 7A. It should also be noted in Table 2 Physical Properties of the Latex Particles. Figure 4 shows an electron micrograph of the latex particles. The size distribution is rather narrow; o each particle is spherical having an average diameter of 1400 + 100 A.
The carboxyl groups of the latex are available for acid-base titration and there are 0.27 meq CO 2 /g of latex which corresponds to each group occupying a surface area of 25 ~2. Although 25 ~2 is· a reasonable surface area for a c~rboxyl group, quite conceivably some of the carboxyl groups are located inside the microsphere but are still accessible to hydrophilic reactants. 26
The pK a qf the acid groups is 6.1 which is similar to that of the carboxyl group of the dye, 6.2. The acidity of the aqueous solutions was adjusted to pH 7 so that the surface groups were ionized and the latex was negatively Tables 3 and 4 show the results of these measurements. From the tables, it can be determined that approximately o 11,000 dye molecules are associated with each 1400 A diameter latex particle 02 corresponding to each rhodamine occupying a surface area of 560 A A similar number of diphenylamine molecules, 17000, are associated with each latex particle. Because of the difficulty of correcting for both the spectral contribution of rhodamine 101 to the ultraviolet absorption band of diphenylamine and light scattering due to residual latex particles, the data for diphenylamine in Table 4 were obtained in the absence of rhodamine 101. Tables 3 and 4 are the equilibrium constants (K) for the association of rhodamine and diphenylamine to the latex using the Langmuir
Included in
a sorp 10n lS0 lerm the maximum number of surface sites on a latex particle is calculated to be 6.14 x 10 4 so that rAl, = (6.14 x 10 4 ) r1~tcxJ wher(~ the concentrat.ion of The nonline~rity of the Stern-Volmer plots for the ·latex system is presumed to be a consequence of the equilibrium situation described in Equation· Tables 3 and 4 . If only the local quenching on the latex is considered, the quenching rate should be several orders of magnitude higher than that in methanol.
From the data in Tables 3 and 4 , it can be estimated that the average distance between molecules is about 15 A which is comparable to the dimensions of the molecules. Thus, taking into consicJ:::I'ation this distance and the 
